In the more than 100 years since the first explorations of the parahippocampal-hippocampal network by Ramon y Cajal 1 , numerous detailed anatomical tract-tracing analyses (BOX 1) have been published. These studies were sparked by the discovery of a prominent relationship between declarative memory and structures in the human medial temporal lobe, in particular the hippocampal formation (HF) 2 ; the importance of the parahippocampal region (PHR) for memory was established only later 3 . An increasingly complex picture of the connectivity within and between the HF and the PHR has emerged over the years, and comprehensive knowledge of the PHR-HF network lies at the basis of understanding its functions 4 . The level of anatomical detail at which an experiment must be carried out or results interpreted depends on the questions under investigation. In some instances, the effects of experimental manipulations can be interpreted using connectivity data at an overall network level (without taking the details of local networks into account). Other studies require more detail, but even those studies that benefit from a detailed understanding of the circuitry often do not, for a variety of reasons, take all the known connections into consideration. Sometimes connections are simply overlooked, whereas other times connections are intentionally left out because they seem to have no function and are therefore considered irrelevant for a particular theoretical interpretation. Eventually, such underexposed connections tend to be erased from the common scientific memory. For this Review, we have assembled the extensive anatomical PHR-HF connectivity literature, focusing on all known connections of one frequently used experimental animal: the rat. We introduce a new approach to describe the network connectivity that uses an interactive diagram to display the complete PHR-HF connectivity (see Supplementary information S1 (figure) and Supplementary information S2 (box)). The complex and detailed connectivity patterns in this diagram are made accessible through the ability to switch on and off individual or groups of network connections between cortical layers and/or anatomical areas. The information this diagram provides could prove to be useful at a time when research is moving beyond the functional explanations that can be provided by a PHR-HF circuitry model that contains only a subset of the connections; moreover, it might lead to a re-evaluation of the functional importance of connections that have previously been ignored.
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This Review first describes the anatomical concepts that are essential to understanding the PHR-HF circuitry (for an extensive description, see . Next, it presents an overview of the main PHR-HF circuits as well as of some of the lesser-known aspects of the circuitry, using the interactive diagram (Supplementary information S1 ( figure) ). Subsequently, it shows how having detailed knowledge of the PHR-HF circuitry can
Hippocampal-parahippocampal anatomy
The rat HF is a C-shaped structure that is situated in the caudal part of the brain. Three distinct subregions can be distinguished (FIG. 1) : the dentate gyrus (DG), the hippocampus proper (consisting of CA3, CA2 and CA1) and the subiculum. The cortex that forms the HF has a three-layered appearance. The first layer is a deep layer, comprising a mixture of afferent and efferent fibres and interneurons. In the DG this layer is called the hilus, whereas in the CA regions it is referred to as the stratum oriens. Superficial to this polymorph layer is the cell layer, which is composed of principal cells and interneurons. In the DG this layer is called the granule layer, whereas in the CA regions and the subiculum it is referred to as the pyramidal cell layer (stratum pyramidale). The most superficial layer is referred to as the molecular layer (the stratum moleculare) in the DG and the subiculum. In the CA region the molecular layer is subdivided into a number of sublayers. In CA3, three sublayers are distinguished: the stratum lucidum, which receives input from the DG; the stratum radiatum, comprising the apical dendrites of the neurons located in the stratum pyramidale; and, most superficially, the stratum lacunosum-moleculare, comprising the apical tufts of the apical dendrites. The lamination in CA2 and CA1 is similar, with the exception that the stratum lucidum is missing.
The PHR lies adjacent to the HF, bordering the subiculum. It is divided into five subregions: the presubiculum, the parasubiculum, the entorhinal cortex (EC, consisting of medial (mEA) and lateral (lEA) areas), the perirhinal cortex (PER, consisting of Brodmann areas (A) 35 and 36) and the postrhinal cortex (POR). The PHR is generally described as having six layers. The coordinate systems that define position within the HF and the PHR are explained in FIG. 1 .
Circuitry of the PHr-HF region
In the interactive diagram (FIG. 2; Supplementary information S1 (figure)) we attempted to display all of the PHR-HF connections that have been reported in the anatomical literature concerning the rat (for references see Supplementary information S3 (table) ). The interactive diagram contains almost 1,600 connections, which can be displayed at a customizable level of complexity. This allows easy comparisons between the detailed PHR-HF circuitry illustrated by the diagram and a 'standard' model of this circuitry (FIG. 3) , which displays the subset of connections that are currently most often used in the field (based on an analysis of a selection of recent key studies [8] [9] [10] [11] [12] [13] [14] [15] ).
Connectivity within the PHR. In the standard model (FIG. 3) , the projections from the PER and the POR to the EC are often depicted with a topology that emphasizes PER-to-lEA and POR-to-mEA relationships. However, as can be seen in the interactive diagram, the available data indicate (see figure 1a in Supplementary information S4 (figure)) that the POR also projects to the lEA, although quantitatively to a lesser extent than the PER (4.9% versus 15.6%, respectively, of the total cortical input) 16 . likewise, the PER also projects to the mEA (see figure 1b in Supplementary information S4 (figure)), contributing a level of cortical input equal to that of the POR (7.5%) 16 . Neurons in layers II, III, V and VI of A35 and A36 of the PER project in a convergent way to lEA layers II and III 17 , whereas the PER projection to the mEA arises mainly from A36 (REFS 16, 17) . The POR projection to the lEA arises from layers II, III, V and VI and terminates in layers II and III 16, 17 . The POR projection to the mEA originates from the same layers and terminates preferentially in the superficial layers, although some fibres can be seen in the deep layers of the mEA 16, 18 . The EC reciprocates the projections from the PER and the POR, as depicted in the standard model. A detailed look at the interactive diagram shows that there are projections from layers III and V of the lEA to all layers of A35 and A36 (REFS 16, 17, 19) , and from the mEA to all layers of A35 (REFS 16, 17, 20) (see figure 2a in Supplementary information S4 (figure) ). The mEA also projects to A36 (REFS 16, 21) . Both the mEA and the lEA project to the POR, but details of the topography of this connection in the rat are currently not available 16, 21, 22 (see figure 2b in Supplementary information S4 (figure)).
Traditionally, little attention has been paid to the connections between the PER and the POR, although there is extensive connectivity between these regions. POR layers II and V project to all layers of A35 and A36; POR layer III also projects to A36 (see figure 3a in Supplementary information S4 (figure)). Rostral levels of the POR provide the densest projection to caudal levels of A35 and
Box 1 | Neuroanatomical tract-tracing methods
Most of what is known today about the pathways that connect neurons in different brain regions has been discovered by using neuroanatomical tract-tracing techniques 156 . A tracer is a substance that allows such pathways to be visualized. Tracers can be injected intracellularly to label the dendrites and axons of a neuron. Both autofluorescent dyes (for example, Lucifer yellow and Alexa dyes) and biotin-derived dyes are often used for intracellular labelling, as they can be easily visualized using fluorescent microscopy. Alternatively, a tracer can be injected at a stereotaxically defined extracellular location in the in vivo brain. The tracer is taken up by neurons at the injection site and is transported or diffuses within cells. A tracer substance can be transported anterogradely from the soma towards the axon terminals (for example, Phaseolus vulgaris leucoagglutinin), retrogradely from the axon terminals towards the soma (for example, Fast Blue), or it can be transported in both directions (for example, horseradish peroxidase). Another tract-tracing method involves creating small lesions and visualizing the resulting degeneration; the labelled connections are generally assessed using light microscopy. Electron microscopy can be used to visualize whether a presynaptic axon contacts a postsynaptic element. This is a very accurate but time-consuming method because only small pieces of tissue can be examined at one time. Alternatively, confocal microscopy allows three-dimensional reconstruction of larger pieces of tissue and can indicate whether pre-and postsynaptic elements are likely to form a synapse. A question of current interest is whether confocal microscopy is reliable enough for indicating such contacts. In order to increase our understanding of the connectivity of the brain and its related function, accurate numbers that provide information about pathways' projection intensity and termination density are needed. To achieve this, techniques using viral tracers Nature Reviews | Neuroscience For orientation in the hippocampal formation (consisting of the dentate gyrus (DG; dark brown), CA3 (medium brown), CA2 (not indicated), CA1 (orange) and the subiculum (Sub; yellow)), three axes are indicated: the long or septotemporal axis (also referred to as the dorsoventral axis); the transverse or proximodistal axis, which runs parallel to the cell layer and starts at the DG; and the radial or superficial-to-deep axis, which is defined as being perpendicular to the transverse axis. In the parahippocampal region (green, blue, pink and purple shaded areas), a similar superficial-to-deep axis is used. Additionally, the presubiculum (PrS; medium blue) and parasubiculum (PaS; dark blue) are described by a septotemporal and proximodistal axis. The entorhinal cortex, which has a lateral (LEA; dark green) and a medial (MEA; light green) aspect, is described by a dorsolateral-to-ventromedial gradient and a rostrocaudal axis c | A Nissl-stained horizontal cross section (enlarged from part Bb) in which the cortical layers and three-dimensional axes are marked. The Roman numerals indicate cortical layers. CA, cornu ammonis; dist, distal; dl, dorsolateral part of the entorhinal cortex; encl, enclosed blade of the DG; exp, exposed blade of the DG; gl, granule cell layer; luc, stratum lucidum; ml, molecular layer; or, stratum oriens; prox, proximal; pyr, pyramidal cell layer; rad, stratum radiatum; slm, stratum lacunosum-moleculare; vm, ventromedial part of the entorhinal cortex. 
Reciprocal connections
Bidirectional, equivalent connections between two areas, networks or neurons.
Perforant pathway
Axons that originate in the superficial layers of the EC and are distributed to all fields of the hippocampus.
A36. Additionally, the POR projection to A36 is stronger than that to A35 (REFS 16, 17, 23) . The PER projection to the POR originates in PER layers II, V and VI 16, 17, 21, 23 (see figure 3b in Supplementary information S4 (figure)). The densest projection connects the rostral PER with the caudal POR 17 . A set of intra-PHR connections that is also underexposed in the standard model is the connections between the EC, the presubiculum and the parasubiculum. The dorsolateral mEA projects to septal levels of the presubiculum and the parasubiculum (see figure 4a in Supplementary information S4 (figure)), whereas the ventromedial mEA projects to the temporal presubiculum and parasubiculum 20, 22, [24] [25] [26] [27] [28] (see figure 4b in Supplementary information S4 (figure)). The lEA also projects to the presubiculum and the parasubiculum, but precise topographical information for this projection is absent 19, 20, 22, 25, 29, 30 . Both the presubiculum and the parasubiculum send projections to the EC. The septal presubiculum projects to the dorsolateral and intermediate part of the mEA (see figure 5a in Supplementary information S4 (figure)), whereas the temporal presubiculum projects to the ventromedial part of the mEA (see figure 5b in Supplementary information S4 (figure)). The superficial layers of the presubiculum project to the deep layers of the lEA 31 and to layers I, II and III of the mEA 27, [32] [33] [34] .
The deep layers of the presubiculum project to all layers of the mEA and predominantly to the deep layers of the lEA 27, 34, 35 . A detailed topography for the parasubiculum-to-EC connection has not yet been described, but it is known that all layers of the parasubiculum converge on to layer II of the mEA 21, 24, 30, 32, 33, 36 . Several other connections have been described that have not been incorporated into the standard model shown in FIG. 3 . For example, reciprocal connections between the presubiculum/parasubiculum and the PER/POR have been described 21, 23 , but details are limited. Other connections, such as the intrinsic connections of the EC, are better anatomically characterized, but they remain outside the scope of most models. For example, the mEA and the lEA are strongly interconnected: cells in layers II, III, V and VI of the mEA project to the superficial layers of the lEA 20, 37 ; lEA layers II and V project to the superficial layers of the mEA 17, 20, 29, 37 , whereas lEA layers III and VI project to superficial and deep layers of the mEA 29, 37 .
PHR projections to the HF.
There is a prominent and topologically arranged circuitry between the PHR and the HF. The EC-to-HF circuitry is known as the perforant pathway (FIG. 3) . According to the standard view only EC layer II projects to the entire transverse 
Mossy fibres
The main projection of DG granular cells to CA3; characterized by high concentrations of zinc.
Schaffer collaterals
The axon collaterals of the CA3 pyramidal cells that project to CA1.
extent of the DG. In fact, EC layers III, V and VI also contribute to this projection, although to a lesser extent. The details of the EC-to-DG 19, 22, [24] [25] [26] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] and EC-to-CA3 19, 20, 22, 25, 29, 38, 41, 42, 44, [48] [49] [50] 52 projections might provide clues to their function. For example, in the molecular layer of the DG and the stratum lacunosum-moleculare of CA3, projections from the EC converge on to the apical dendrites of dentate principal cells and interneurons. Specifically, the lEA projects to the outer third of the molecular layer of the DG, and the mEA projects to the middle third of this layer. A similar pattern of convergence 53 is observed in CA3, where the lEA projection terminates in the superficial part of the stratum lacunosum-moleculare and the mEA projection terminates in the deep part of this layer. In addition to convergence, divergence 53 of the EC projections to the DG and CA3 also occurs, as individual layer II cells project to both the DG and CA3 (REFS 48, 54) .
The organization of the EC projection to CA1 and the subiculum is markedly different from that of the EC-to-DG or EC-to-CA3 projection. The origin of the main projection from the EC to the stratum lacunosum-moleculare of CA1 and the molecular layer of the subiculum lies in layer III although, again, other layers (II, V and VI) contribute to a lesser extent to this projection 20, 22, 25, 26, 29, 38, [41] [42] [43] 46, 49, 51, 52, [55] [56] [57] . Another striking feature of this pathway is the difference between the lEA and mEA projections along the transverse axis. The lEA projects to the distal part of CA1 and the proximal subiculum, whereas the mEA projects to the proximal part of CA1 and the distal subiculum 38, 49, 52 . This segregation suggests that the input from the lEA and the mEA is processed in different parts of CA1 and the subiculum. This idea is supported by the observation that the segregation of the EC input to CA1 and the subiculum is maintained in the intra-HF projection from CA1 to the subiculum (see next subsection).
In addition to this topology along the transverse axis of the HF, there is a topological organization of connections between the dorsolateral-ventromedial axis of the EC and the longitudinal axis of the HF: the dorsolateral parts of the lEA and the mEA project to the septal HF, the intermediate part of the EC projects to intermediate septotemporal levels, and the ventromedial EC projects to the temporal HF 40, 58, 59 . According to some reports, the actual organization of the perforant pathway is more widespread (see figure 6 in Supplementary information S4 (figure)), such that this topography relates to the densest projections, whereas weaker components show a more divergent distribution along the septotemporal axis 46, 50 . Such a broader projection pattern along the septotemporal axis of the HF may affect information processing.
The EC-to-HF projection forms the main PHR connection to the HF. Other PHR subregions have also been observed to project to the HF directly, although less strongly than the EC and most of them are not included in the standard view. Neurons in all layers of the presubiculum and the parasubiculum project to the stratum moleculare of the DG 32, 44, 60 and the subiculum 24, 32, 60, 61 and to the stratum lacunosum-moleculare of CA3 (REFS 32,44) and CA1 (REFS 32,44,60) (see figures 7a and 7b
in Supplementary information S4 (figure) ). Another example of underexposed circuitry is the direct projection from the PER and the POR to the HF. Both A35 and A36 have been reported to project to CA1 and the subiculum 23, 62 . The POR has been suggested to project to all sub-areas of the HF 23 , but another report indicates only direct projections to CA1 and the subiculum 57 .
Connectivity within the HF. In the standard model the first step of the polysynaptic HF pathway (FIG. 3; see also figure 8a in Supplementary information S4 (figure) ) is formed by a unidirectional projection from the DG to CA3: the mossy fibres. The Schaffer collaterals, which originate in CA3 and project to CA1, are the next step in the polysynaptic loop. A detailed look at these connections shows an interesting topology along the transverse axis. The distal part of CA3 projects to proximal CA1 and, conversely, the proximal part of CA3 projects to distal The standard view that is presented here is based on various circuitry models from recent articles [8] [9] [10] [11] [12] [13] [14] [15] . According to this standard view, neocortical projections are aimed at the parahippocampal region (PHR), which in turn provides the main source of input to the hippocampal formation (HF). In the PHR, two parallel projection streams are discerned: the perirhinal cortex (PER) projects to the lateral entorhinal cortex (LEA), and the postrhinal cortex (POR) projects to the medial entorhinal cortex (MEA). The entorhinal cortex (EC) reciprocates the connections from the PER and the POR. Additionally, the EC receives input from the presubiculum (PrS). The EC is the source of the perforant pathway, which projects to all subregions of the hippocampal formation. Entorhinal layer II projects to the dentate gyrus (DG) and CA3, whereas layer III projects to CA1 and the subiculum (Sub). The polysynaptic pathway, an extended version of the traditional trisynaptic pathway, describes a unidirectional route that connects all subregions of the HF sequentially. In short, the DG granule cells give rise to the mossy fibre pathway, which targets CA3. The CA3 Schaffer collaterals project to CA1 and, lastly, CA1 projects to the Sub. Output from the HF arises in CA1 and the Sub and is directed to the PHR, in particular to the deep layers of the EC. The Roman numerals indicate cortical layers.
CA1 . The topography of the projections that arise from mid-proximodistal portions of CA3 lies between that of these two projection patterns. The last step in the polysynaptic pathway is the projection from CA1 to the subiculum. The proximal part of the CA1 pyramidal cell layer projects to the distal subiculum, whereas the distal CA1 projects to the proximal part of the subiculum 52, [66] [67] [68] [69] .
In contrast to what is depicted in the standard model, there are several backprojections in the HF. Pyramidal cells in CA3 project back to the hilus and the inner molecular layer of the DG 64, [70] [71] [72] [73] [74] , and all septotemporal levels have this backprojection (see figure 8b in Supplementary information S4 (figure) ). The strongest backprojection originates in the temporal levels of CA3 and projects to the temporal part of the DG 71 . Again contrasting the standard idea of unidirectionality, a backprojection from CA1 to CA3 has also been reported; this backprojection most likely arises from inhibitory neurons in the stratum radiatum and stratum oriens of CA1 and projects to the same layers in CA3 (REFS 64, 66, 67, 75) (see figure 8b in Supplementary information S4 (figure)). A backprojection from the subiculum to CA1 has also been reported (see figure 8b in Supplementary information S4 ( figure) ). This backprojection arises from neurons in the stratum pyramidale of the subiculum and projects to all layers of CA1 (REFS 32, 76) . Currently, it is not known whether this backprojection is of an excitatory or an inhibitory nature.
Recurrent collaterals of the CA3 region 63,64,70-73,77-81 are well acknowledged in the literature (FIG. 3) , and they have been described in the other HF subregions as well (see figure 9 in Supplementary information S4 (figure); these intrinsic recurrent networks are less extensive and are also less investigated in terms of their anatomy and function (see the 'Functional implications' section). In the polymorphic layer of the DG, each granule cell establishes contact with the proximal dendrites of several mossy cells, which return excitatory synapses to granule cell dendrites in the molecular layer 47, 64, 65, 70, 80, [82] [83] [84] [85] . CA1 has recurrent loops that are restricted to one septotemporal level 66, 69, 75, 76, 79, 86 . In the subiculum, principal cells extend axon collaterals to a substantial part of the subiculum that lies ventral to the site of origin; these collaterals terminate on pyramidal cells and interneurons 32, 76, 87, 88 . HF projections to the PHR. The HF output to the PHR arises from CA1 and the subiculum and, according to the standard view, terminates primarily in the deep layers of the EC. In contrast to this view, several authors have reported direct projections from CA1 (REFS 72, 75) and the subiculum 32, 89, 90 to the superficial layers of both the lEA and the mEA.
There are reciprocal connections between the EC and CA1/the subiculum. The CA1-to-EC projection is organized such that the septotemporal axis of the HF is mapped topologically on to the dorsolateral-ventromedial axis of the EC, comparable to the organization of the strongest EC-to-HF projection 52, 72, 75 . The transverse output organization also mimics the input -that is, the proximal part of CA1 projects to the mEA (see figure   10a in Supplementary information S4 (figure) ) and the distal part of CA1 projects to the lEA 49, 52 (see figure  10b in Supplementary information S4 (figure) ). The subiculum-to-EC projections have a similar topography along the long 89, 91 and transverse axes 49, 88, 89, 91, 92 , although they seem to be less sharply defined. moreover, along the transverse axis the organization is opposite to that of the CA1-to-EC connections: the proximal subiculum sends a stronger projection to the lEA and the distal subiculum sends a stronger projection to the mEA, again in line with the overall organization of the EC projections to the subiculum.
Although the CA1/subiculum-to-EC projections form the main part of the HF output to the PHR, other connections to the PHR also exist. For example, CA3 (REFS 24,44,72,78), CA1 (REFS 24, 31, 44, 69, 75) and the subiculum 24, 31, 32, 88, 89, 91, 92 all project to the presubiculum and the parasubiculum (see figure 11 in Supplementary  information S4 (figure) ). The projection from the subiculum to the presubiculum is the best described of these. It follows a septotemporal gradient, such that the septal part of the subiculum projects to the septal presubiculum 31, 88, 89, 91 and the temporal part of the subiculum projects to the temporal presubiculum 24, 91 . A projection from the subiculum to the parasubiculum exists, but no detailed information about it is known 24, 32, 89 . Finally, CA1 and the subiculum project to both the PER and the POR, although no detailed information about the organization of this projection is currently available 21, 23 .
Functional implications
In the preceding section we compared the details of the PHR-HF circuitry to the standard view, highlighting several underexposed connections. To provide a functional perspective on some of these connections, we now discuss them in the context of three topics that have long been associated with the HF: memory formation, navigation and temporal dynamics.
Memory formation.
The first example of how increased knowledge of connections in the PHR and the HF might change our views on the memory function of the HF concerns the idea that the HF is the region in which different types of information are associated in memory. By contrast, the EC is generally defined as a simple input-output structure that keeps the incoming information flows separate by way of two parallel pathways (FIG. 3) : the PERto-lEA-to-HF pathway conveys non-spatial information about external stimuli, whereas the POR-to-mEA-to-HF pathway conveys spatial information 18 . However, there are four arguments that support the notion that, rather than being a simple input-output structure, the EC has a role in more complex associations. First, anatomical evidence shows that PER and POR projections to the EC overlap (see the 'Circuitry' section). Second, there is an extensive network in the EC that reciprocally connects the lEA and the mEA 17, 20, 29, 37 . These first two anatomical characteristics suggest that non-spatial information in the lEA and spatial information in the mEA can become associated at the level of the EC, which is supported by the observation that the lEA
Auto-associative network
A network of neurons with axon collaterals that terminate on dendrites of the parent cell.
Place cells
Principal neurons in the hippocampus and parahippocampus that fire whenever an animal is in a specific location in an environment (corresponding to the cell's 'place field').
is involved in odour-place associations 93 . Third, deep and superficial layers of the EC are also anatomically interconnected 20, 26, 29, 37, 94 , and this connection is likely to explain the observation that the firing characteristics of cells in all layers of the mEA have a clear correlation across layers during the performance of spatial tasks 95 . Fourth, according to the classical view (FIG. 3) , the superficial EC layers are the input layers to the HF, whereas the deep layers receive hippocampally processed information that they convey back to the cortex. However, the anatomical data summarized in this Review show projections from the deep layers of the EC to the HF, consistent with the finding that activation of the deep layers of the EC is sufficient to activate the DG 96 . Additionally, the HF projects to both deep and superficial EC layers (see the 'Circuitry' section).
We therefore propose that the notion that the EC is a simple, laminated input-output structure needs revision: information becomes integrated before it enters the HF. This suggests that both the HF and the EC associate information that is relevant to memory. As the same types of information are processed by the two structures, the question remains how their functions compare. One way to view the distinctive roles of the regions is that the EC holds a more universal memory representation of the associated information, whereas the HF is involved in processing details of this information through processes such as pattern separation and pattern completion. The observation that activity in the HF increases when a person is recalling details from memory supports the proposal that the HF has a role in processing detailed information 97 . The idea that the EC processes information at an earlier and more generic level than the HF (in which detailed information is processed) corresponds to the idea that the EC holds a universal map that is important to the HF in navigation, as discussed below.
Associative networks and, in particular, the autoassociative network of CA3 have been proposed to be essential for encoding and storing episodic memories 98, 99 . The recurrent connections in this area can be theoretically arranged into a number of discrete patterns of activation, called stable states or attractors, and the synaptic strengths of the recurrent connections determine the stable states of this network 98 . Incoming information presumably directs the network into one of its stable states, thus enabling pattern completion 100 . Although the CA3 recurrent network is currently thought to be the most elaborate in the HF, CA1, the DG hilus region and the subiculum also contain recurrent collateral networks (see figure 9 in Supplementary information S4 (figure) ) and are likely to exhibit computational characteristics comparable to those of the CA3 recurrent network. One striking feature of the CA1 recurrent network that emerges from the diagram is that the recurrent loops are restricted to one septotemporal level (see figure 9 in Supplementary information S4 ( figure) ). For example, the input to the septal CA1 from CA3 arises from both septal and intermediate levels of CA3, whereas the input to the temporal CA1 arises from the temporal and intermediate CA3. This input is then processed independently in both the septal and the temporal CA1. It would be interesting to know whether there is also regional specificity of CA1 recurrents along the transverse axis, as the mEA and the lEA project preferentially to different proximodistal regions of CA1 (see the 'PHR projections to the HF' subsection). Preliminary data from recordings in the septal CA1 are in line with this idea and show that cells at different transverse positions have different firing characteristics 101 that are related to the type of information provided by the mEA or lEA inputs (spatial and non-spatial, respectively). We propose that CA1 is divided into subdomains along the combination of the septotemporal and proximodistal axes, and that each subdomain independently processes different, specific combinations of information originating from different input areas. In theory, each of these subdomains would thus be able to encode and store unique input patterns, which may be instrumental in discriminating subtle differences in input cues and may aid pattern separation and completion. This prediction awaits further experimental data, such as detailed recordings along both axes in freely behaving animals.
Navigation. Different types of spatial information, discussed below, are represented in the PHR-HF circuitry, and the circuitry may facilitate the exchange of these different types of information in order to make navigation through an environment possible. The same circuitry may mediate the formation of memories for the spatial position of behaviourally relevant cues. Place cells, which encode place fields, provide essential information for navigation. They are found in CA1 (REF. 102 ) and CA3 (REF. 103 ), but cells with similar functional properties have been found in the subiculum [104] [105] [106] , the septal presubiculum 107 and the parasubiculum 108, 109 . In the HF, the size of a place field is related to the septotemporal position of the place cells: place cells in the septal HF have the smallest place fields, at intermediate septotemporal levels place fields are twice as big 110 and in the temporal HF they become even larger 103, 110, 111 . Place field size can be interpreted as a measure of spatial scale, indicating that environments might be represented at different spatial resolutions along the septotemporal axis of the HF.
A large number of non-overlapping, unique spatial representations of the environment are stored in the rather limited network of the HF, which creates a storage problem. It has been argued that in order to solve this problem the HF might make use of a universal map, presumably located outside the HF 102, 112, 113 , that can be applied across environments. Based on the strong reciprocal connectivity between the EC and the HF, the EC (in particular the mEA) was considered a likely candidate for the location of this map, as this area was shown to receive predominantly visuospatial information from the POR 16 . Indeed, a disruption of the monosynaptic information flow from mEA layer III to CA1 affected long-term spatial-memory performance 114 and impaired place cell firing in CA1 (REF. 115 ). However, initial recordings in the EC did not reveal cells with a striking spatially modulated firing pattern 116, 117 , probably because these recordings did not cover the most dorsolateral portion of the mEA. The dorsolateral mEA was predicted to contain such cells because it is reciprocally connected both to the septal hippocampus (see the 'Circuitry' section), in which place cells are
Grid cells
Neurons in the entorhinal cortex that fire strongly when an animal is at one of several specific locations in an environment and that are organized in a grid-like fashion.
Head-direction cells
Neurons that fire only when the animal's head points in a specific direction in an environment.
Mammillary bodies
A pair of nuclei in the hypothalamus, strongly connected to the HF and the anterior complex of the thalamus, that are involved in recognition memory.
Theta oscillations
Rhythmical changes at 5-12 Hz in network activity, as observed in the electroencephalogram, characteristic of the hippocampal network communicating with various cortical and subcortical networks in the brain.
Gamma oscillations
Rhythmical oscillations of 25-70 Hz observed in the electroencephalogram.
Ripple oscillations
Short-lasting bursts of field oscillations (~140-200 Hz) in the mammalian hippocampus and parahippocampus that occur during rest or slow-wave sleep.
most conspicuous, and to visuospatial cortical domains -for example, the POR 17, 18 . Subsequent recordings in the dorso lateral part of the mEA indeed revealed grid cells 118 . like place cells, grid cells show a gradual increase in grid field size from the dorsolateral mEA towards the ventromedial mEA 119 and, because of the predominant topology of the perforant path, the grid cells with the smallest grid field scale in the dorsolateral mEA connect to the place cells in the septal HF with the smallest place field scale. Similarly, the grid cells with the largest grid field scale in the ventromedial mEA connect to the place cells in the temporal HF with the largest place field scale.
Head-direction cells are a third class of cells involved in navigation. Head-direction cells were first discovered in the septal presubiculum 109, 120 , but directionally tuned cells have also been observed in the EC 95 , the anterior and lateral dorsal thalamic nuclei [121] [122] [123] , the lateral mammillary nucleus 124 , the retrosplenial cortex 125 and the striatum 126 . This indicates that the directional signal is probably computed in brain networks outside the HF. The head-direction information from the mammillary bodies is crucial for place and grid cell functioning 124 , and head-direction information from the presubiculum is important, although not indispensable, for the functional characteristics of place fields in CA1 (REF. 127 ). As the septal presubiculum also projects to other HF subregions, we propose that the firing properties of neurons in the DG, CA3 and the subiculum might also be affected by presubiculum lesions.
What more can the details of the circuitry tell us about the space-related functional properties of the network? A first hypothesis is that information from the head-direction system may enter the HF through at least two different routes. One route projects from the presubiculum directly to the HF and a second route runs indirectly to the HF through the projections from layers II and III of the EC. In order to decide which of these routes provides the predominant directional input to the HF, the reported effects of presubiculum lesions on CA1 place cell firing 107 should be compared with the effect of presubiculum lesions on the spatial-firing properties of mEA neurons. If mEA neuron firing is not affected by such lesions, the direct route from the presubiculum to CA1 is more likely to be the predominant input pathway for directional information to the HF. However, if the firing properties of mEA neurons do change as a result of presubiculum lesions, the CA1 firing properties after a presubiculum lesion should be compared with the CA1 firing properties after a selective mEA lesion 115 and after a combined presubiculum and mEA lesion.
Another prediction based on the PHR-HF network characteristics is that the place-specific firing of CA1 should be stronger at its proximal end than at its distal end, as the mEA preferentially projects to the proximal portion of CA1 and place-specific firing in CA1 strongly depends on the direct input from the mEA 115, 128, 129 . By contrast, the preferential lEA-to-CA1 projection pattern predicts that non-spatial information about external stimuli is processed in the distal CA1. Preliminary data show that the firing of cells in the proximal (mEArecipient) CA1 is indeed significantly more affected by spatial information than the firing of cells in the distal CA1 (REF. 101 ). A similar type of prediction can be made for the subiculum, as the lEA projects to the proximal part of the subiculum and the mEA projects to its distal part. On the basis of this topology, the most prominent place cells are expected to be found in the distal subiculum. One study found subtle differences in the spatial properties of cells in the proximal versus the distal subiculum 104 . There are several explanations for why the difference was only small, but the best explanation is probably the extensive but underexposed and not very well studied intrinsic recurrent network in the subiculum 130 .
Temporal dynamics. Some of the underexposed PHR-HF connections are likely to be involved in the temporal synchronization of neuronal firing between brain areas. Synchronized firing is essential for the coordination of spatially distributed networks and is generally achieved through neuronal oscillations. By synchronizing excitatory periods across regions, oscillations may facilitate the transfer of information in the PHR-HF network 131 . Furthermore, oscillations promote coincident firing among cells, which is likely to be important for inducing synaptic plasticity (for example, see REF. 132 ) and memory consolidation 133 . One of the prerequisites for the occurrence of oscillations is the interaction between excitatory glutamatergic neurons and inhibitory GABA (γ-aminobutyric acid)-ergic interneurons 134 . Different classes of GABAergic neurons can be characterized in the hippocampus according to their distinct firing patterns during behaviourally relevant oscillations such as theta oscillations, gamma oscillations and sharp wave ripples [135] [136] [137] [138] ; projections from these interneurons to different targets synchronize the firing of large numbers of pyramidal cells 135 . Although most research on GABAergic cells is carried out on interneurons that project locally in one sub-area, recent evidence showed the existence of long-range GABAergic projection neurons that cross the sub-area border and are involved in the coordination of spike timing across sub-areas 139 . Although most tract-tracing studies do not reveal whether a projection is excitatory or inhibitory, an indication of the excitatory or inhibitory nature of a connection can be derived from the layers of origin and termination. For example, the CA1-to-CA3 backprojections discussed in the 'Circuitry' section arise not from the (excitatory) glutamatergic principal cell layer, but mainly from neurons located in the stratum oriens of CA1 (REFS 64, 66, 67, 75) , and project to the stratum radiatum and stratum oriens of CA3. An in vivo labelling study showed the same locus of origin and termination for CA1 GABAergic neurons projecting to CA3 (REFS 77, (140) (141) (142) . Also, in the stratum radiatum of CA1, cells project to the DG and the subiculum. GABAergic cells have been reported to reside in the CA1 stratum radiatum with axons that radiate to the molecular layer of the DG and the subiculum 143 . Because the layer of origin of these CA1 neurons seems to be a reliable predictor of GABAergic connections, it is likely that other projections that do not start in the principal cell layer are also GABAergic. This can be used to discover the existence of other inhibitory projections. In the interactive diagram (see Supplementary information S1 (figure)) one can observe that, in the hippocampus, cells in the hilus of the DG project to CA1. There are also reports of projections from the HF to the PHR that do not start in the principal cell layer of the HF: cells in the molecular layer of the subiculum project to the parasubiculum, the presubiculum and the POR. moreover, cells in the stratum oriens and the stratum radiatum of CA1 and the molecular layer of the subiculum project to the lEA and the mEA. We suggest that these connections indeed originate from long-range GABAergic neurons, and are capable of functionally coupling the PHR-HF subregions and coordinate oscillations over the entire PHR-HF network.
Conclusions and future directions
Comprehensive knowledge of the organization of the PHR-HF connectivity is of pivotal importance for elucidating PHR-HF function. Such detailed knowledge of PHR-HF circuits will help us to understand how these circuits are engaged in spatial processing and temporal dynamics, as well as in other functions that have been associated with the region, such as episodic memory 144 , crossmodal memory 145 , recollection and recognition 146 , memory for the temporal order of events [147] [148] [149] [150] and visual perception of conjunctions 151 . moreover, the PHR and HF are implicated in various disorders, such as Alzheimer's disease 152 , epilepsy 153 , schizophrenia 154 and depression 155 . Knowing the changes in connection patterns within and between these regions may help us to understand the underlying mechanisms of these PHR-HF-related disorders and consequently enhance the possibilities for treating them. This Review and the complementary knowledge base may facilitate the study of altered connectivity in animal models for diseases that involve the PHR and HF.
Although topological information is available in the interactive diagram for a large number of connections, increasing the knowledge base of PHR-HF connectivity is an important requirement for future functional understanding of these regions. Although currently all connections in the interactive diagram are displayed as if they are of equal density, we aim for future versions of the diagram (which will be available on our website) to differentiate between strong and weak connections. unfortunately, connectional density is often not reported quantitatively in the anatomical literature, and even when it is reported it is a subjective observation that is difficult to compare between studies. Second, we aim to incorporate in vivo and in vitro electrophysiological data into future versions of this knowledge base so that it will contain information about the excitatory or inhibitory role of connections. Third, the current version of the diagram displays only the layers of origin and termination, but each region and layer consists of several cell types. We aim for future versions of the diagram to contain a description of pre-and postsynaptic cell types. Implementing these improvements requires extensive fundamental research into the cytoarchitectonic and connectional properties of the region, but this investment will have a tremendous impact on advancing our functional understanding.
An ever-increasing amount of anatomical knowledge brings with it several difficulties. One consequence of the overwhelming number of reported connections is that attention focuses on a selection of the connections whereas others fall into disuse, especially those for which the functional relevance is not entirely clear, such as some of the recurrent collaterals in the HF subregions. A knowledge base such as the one presented in this Review can help to prevent the loss of valuable knowledge and inspire creative minds to come up with new solutions for outstanding problems in the field.
